Background: Diffusion tensor imaging (DTI) has been widely used in psychiatric research and has provided evidence of white matter abnormalities in first episode schizophrenia (FES). The goal of the present metaanalysis was to identify white matter deficits by DTI in FES. Methods: A systematic search was conducted to collect DTI studies with voxel-wised analysis of the fractional anisotropy (FA) in FES. The coordinates of regions with FA changes were meta-analyzed using the activation likelihood estimation (ALE) method which weighs each study on the basis of its sample size. Results: A total of 8 primary studies were selected, including 271 FES patients and 297 healthy controls. Among these studies, 52 regions showed reductions in the FA in FES while 2 regions had increased FA. Consistent FA reductions in the white matter of the right deep frontal and left deep temporal lobes were identified in all FES patients relative to healthy controls. Fiber tracking showed that the main tracts involved were the cingulum bundle, the left inferior longitudinal fasciculus, the left inferior fronto-occipital fasciculus and the interhemispheric fibers running through the corpus callosum. Conclusions: The current findings provide evidence confirming the lack of connection in the fronto-limbic circuitry at the early stages of the schizophrenia. Because the coordinates reported in the primary literature were highly variable, future investigations with large samples would be required to support the identified white matter changes in FES.
Introduction
While gray matter deficits in schizophrenia have been widely reported (Kim et al., 2003; Lui et al., 2009a Lui et al., , 2009b Whitford et al., 2005) , but only a few studies have focused on cerebral white matter (Alexander and Barker, 2005; Allen et al., 2008; Andreasen, 1997) , and they have produced inconsistent results (Cheung et al., 2008; Federspiel et al., 2006; Guo et al., 2012; Hao et al., 2006; Kyriakopoulos et al., 2009; Perez-Iglesias et al., 2010; Szeszko et al., 2005; Tang et al., 2010; Q. Wang et al., 2011) . However, studying the white matter is crucial to understanding the neurobiological substrate of schizophrenia, because the abnormalities in white matter may play a fundamental role in the neurobehavioral manifestations of schizophrenia (Filley, 2005) . Furthermore, one of the debated hypotheses of the etiopathogenesis of schizophrenia is the dysfunction in the neural connectivity (i.e., misconnection) of different cerebral areas or the neural circuitry (Andreasen et al., 1999; McGuire and Frith, 1996) .
In recent decades, diffusion tensor imaging (DTI), a magnetic resonance imaging technique sensitive to the orientation of water diffusion restricted within the neuron sheath and myelination, has been widely used in psychiatric research (Stark et al., 2004) . One of the commonly used DTI measures is mean diffusivity (MD), which can provide immediate information on changes in the interstitial space (i.e., the empty space between brain structures), such as those that occur following an ischemic incident (Mintorovitch et al., 1991) or inflammation (Tievsky et al., 1999) . The apparent diffusion coefficient (ADC) is a similar measure, representing the magnitude of water diffusion. Another commonly used measure is fractional anisotropy (FA), which is thought to reflect the anatomical features of neural fibers, such as the axon caliber, fiber density and myelination (Scholz et al., 2009) . Intervoxel coherence (IC) is similar to FA (Klingberg et al., 1999 (Klingberg et al., , 2000 and, indicates both the strength of the FA and the agreement between the fiber direction in neighboring voxels (Deutsch et al., 2005) .
Using the FA or IC, white matter deficits have been revealed in chronic schizophrenia in the anterior corpus callosum, medial frontal/anterior cingulate cortex, right anterior limb of the internal capsule and left temporal white matter (Ellison-Wright and Bullmore, 2009) , although the results are inconsistent due to confounders associated with the illness chronicity and prolonged exposure to antipsychotic medication as well as possible progressive white matter atrophy (Buchanan et al., 1998; Davis et al., 2003; McDonald et al., 2005) . Compared to studies with chronic patients, relatively few attempts have been made to investigate in patients with first episode schizophrenia (FES) (Cheung et al., 2008; Federspiel et al., 2006; Guo et al., 2012; Hao et al., 2006; Kyriakopoulos et al., 2009; Lu et al., 2011; Moriya et al., 2010; Perez-Iglesias et al., 2010; Szeszko et al., 2005; Tang et al., 2010; Wang et al., 2011; White et al., 2011) and the results have also been inconclusive in that some studies have identified decreased FA (Cheung et al., 2008; Federspiel et al., 2006; Guo et al., 2012; Hao et al., 2006; Kyriakopoulos et al., 2009; Perez-Iglesias et al., 2010; Szeszko et al., 2005; Tang et al., 2010; Wang et al., 2011) , while others have identified increased FA (Federspiel et al., 2006; Kyriakopoulos et al., 2009 ) and yet more have indentified no changes (Lu et al., 2011; Moriya et al., 2010; White et al., 2011) . However, the investigation of FES is important for elucidating the core pathophysiology of schizophrenia (Whitford et al., 2005) and will give significant insight into the nature of the disease. Thus, we sought to verify whether there are white matter deficits in FES and to identify their locations. As a complex statistical method, meta-analysis involves the synthesis of data from relevant studies to identify an effect or draw a conclusion, and this approach can justify and refine hypotheses for various diseases (Mak et al., 2010) . Image-based meta-analyses use full image information and well-established statistics, but images are rarely available and this makes image-based meta-analyses highly unfeasible. Peak probability meta-analyses such as ALE and signed differential mapping (SDM), are more feasible because they only require the peak coordinates . ALE is a quality method extensively used in fMRI, VBM and DTI studies. However, only one meta-analysis with SDM has been conducted for FES, which revealed that the FA was reduced in the left temporal white matter and right posterior limb of the internal capsule in only four DTI studies (Bora et al., 2011) .
Thus, the present study aims to investigate whether there are consistent white matter deficits in FES and to identify their locations using ALE meta-analysis of voxel-based DTI studies in FES.
Materials and methods

Inclusion of studies
Literature searches were accomplished using PubMed/Medline and EMBASE with the following keywords: ("diffusion tensor" or "DTI"), ("voxel*" or "whole brain"), ("schizophrenia" or "schizoaffective disorder"), ("first episode schizophrenia" or "FES") and ("white matter"). Additional studies were identified by manually searching the references of each article found in the initial online search. Studies published before November 2012 were selected if they met the following inclusion criteria: 1) voxel-based analysis was used to investigate changes in the entire brain or entire white matter in first episode schizophrenia patients; 2) the study compared the group of patients with healthy controls; 3) the study normalized the data of the abnormal region(s) using the Talairach space or the Montreal Neurological Institute (MNI) space and reported the three-dimensional coordinates explicitly; and 4) the study was reported in English. We also contacted authors for additional information when necessary.
Three studies were excluded due to their unclear description of whether the patients were first episode or not. One TBSS study was excluded to avoid potential confounds caused by statistical methods (Guo et al., 2012) . Finally, the studies written in Chinese were excluded (Wei et al., 2011) . Our initial literature search yielded 11 original articles, but 3 of them reported no FA difference between FE schizophrenia patients and the control group (Lu et al., 2011; Moriya et al., 2010; White et al., 2011) , which couldn't be taken into the analysis. Finally, a total of 8 studies with 271 patients, 297 controls and 52 coordinates were included in our meta-analysis (Table 1) .
Only 3 studies reported MD measures of FES, so we did not conduct an ALE meta-analysis on these limited studies which may have produced unreliable results.
Data extraction
The coordinates reported with MNI space were converted to Talairach coordinates using the Lancaster transform carried out by GingerALE 2.1.1 (Laird et al., 2005) . According to the ALE manual, several coordinates (Cheung et al., 2008 ) that had been transformed to Talairach space using the Brett transformation, were first "un-Brett" then converted to Talairach space by the Lancaster transform.
Activation likelihood estimation
The meta-analysis was conducted by applying the GingerALE software (www.brainmap.org). The analysis was conducted in the Talairach space. The ALE technique treated the reported foci as spatial probability distributions centered on the given coordinates instead of points (Turkeltaub et al., 2002) . GingerALE 2.1.1 provided a random-effects model that considered the spatial relationship between the individual foci for each study instead of a fixed-effects model. The algorithm weighted the studies included in the meta-analysis on the basis of their sample size, thereby giving more weight to the spatial conjunction of different foci from different studies than to different foci from a single study (Eickhoff et al., 2009 ). In practical terms, a total of 55 coordinates extracted from the studies listed in Table 1 were used to construct the ALE map. The clusters identified in the meta-analysis were obtained after calculating the ALE values of each voxel and controlling the false discovery rate (FDR) at p b 0.01 while applying a cluster extent threshold of 100 voxels (Chan et al., 2011) .
The most probable white matter tracts crossing the clusters of voxels had significantly decreased FA values that were identified using an atlas of human white matter anatomy (Wakana et al., 2004) and DTI query software. We used the sample data supplied with the software on a normal 35-year-old male and then filtered the results with the center coordinates and volume of the region of interest as well as the tract length.
Results
FA decrease in FES
A total of 8 studies reported FA reductions in 52 foci in 271 FES patients compared with 297 healthy controls (Table 1) . ALE analysis identified two regions with significantly decreased FA in FES patients.
Cluster 1 was activated in the white matter of the right frontal lobe (right anterior cingulum) with a maximum probability at x = 12, y = 36 and z = 12 (cluster size = 328 mm 3 ) (Fig. 1) . Two of eight studies contributed to this cluster (Hao et al., 2006; Tang et al., 2010) . White matter tracts traversing through these voxels were displayed in a bounding box size of 6.9 × 6.9 × 6.9 mm 3 with DTI query software. We identified three white matter tracts traversing through the cluster namely, the inter-hemispheric fibers (via anterior corpus callosum), the cingulum bundle and the uncinate fasciculus (Fig. 2) . Cluster 2 was located in the left temporal deep white matter, with a maximum probability at x = − 40, y = − 16 and z = − 16 (cluster size = 296 m 3 ) (Fig. 1) . Two of eight studies contributed to this cluster (Kyriakopoulos et al., 2009; Wang et al., 2011) . White matter tracts traversing this region were visualized using a 6.7 × 6.7 × 6.7 mm 3 bounding box. The main tracts were the left inferior longitudinal fasciculus, the left inferior fronto-occipital fasciculus, the interhemispheric fibers (via posterior corpus callosum) and the fornix (Fig. 2) .
FA increases in FES
Only two studies reported FA or intervoxel coherence increases in FES compared to controls. Researchers found three clusters that yielded higher intervoxel coherence values, which included the right anterior thalamic peduncle, the right optic radiation and the left posterior part external capsule (Federspiel et al., 2006) and one frontal region including the genu of the corpus callosum and the anterior cingulum showed higher FA values (Kyriakopoulos et al., 2009) . Two studies with increased FA were insufficient to conduct a meta-analysis.
Discussion
Using ALE meta-analysis of voxel-based DTI studies in FES, the present study confirmed two regions (the white matter of right frontal lobe and the left temporal lobe) with decreased FA in patients at the early stages of schizophrenia. These two regions involved four white matter tracts, namely, the inter-hemispheric fibers (via the anterior corpus callosum), the cingulum bundle, the left inferior longitudinal fasciculus and the left inferior fronto-occipital fasciculus. With fewer confounders, including illness chronicity, antipsychotic medication and possible progressive white matter atrophy, the current findings support the assertion that white matter deficits can be observed at the early stage of schizophrenia and may be associated with the disrupted neural circuit in FES (Wang et al., 2004) .
We indentified the decreased FA in the anterior cingulate region; this region contains two main bundles, the right anterior cingulum bundle and inter-hemispheric fibers traversing through the anterior corpus callosum. The anterior cingulum is one of the regions that have been most frequently reported to be abnormal in schizophrenia patients. Evidence from histopathology, postmortem and functional imaging studies supports the involvement of white matter in the anterior cingulum in schizophrenia patients. Functional studies have found reduced metabolism of the anterior cingulate cortex in schizophrenia patients when performing cognitive tasks Nordahl et al., 2001) . The abnormalities of the connectivity between the anterior cingulate cortex and adjoining regions were also observed in many postmortem studies of schizophrenia patients (Cohen et al., 2000) . In fact, the cingulum bundle was essential to the limbic circuitry (Tamminga et al., 2000) for connections between the cingulate cortex and the other components of Broca's "grand limbic lobe" (Knochel et al., 2012b; Kubicki et al., 2003) , which integrates external and internal information and mediates physiological, behavioral, and psychological responses. A range of neurocognitive impairments are associated with the cingulate gyrus or the cingulum bundle especially for attention and working memory (Cabeza and Nyberg, 1997; Cohen et al., 1998; Kubicki et al., 2003 Kubicki et al., , 2009 ). The cingulum bundle traverses through the thalamus and the frontal and parietal regions, which are thought to support cognitive processes including central executive functions of working memory as well as attention functions (Cabeza and Nyberg, 1997; Cohen et al., 1998; Kubicki et al., 2003 Kubicki et al., , 2009 ), all of which support the above-mentioned viewpoint. Findings from patients with cingulotomy also supported the premise that lesions in the anterior cingulate gyrus are related to deficits of attention and sustained attention as well as executive dysfunction, which are prominent features of schizophrenia (Benes, 1993; Cohen et al., 1999; Dollfus et al., 2002 ).
Our analysis also revealed another region with aberrant FA in the left temporal lobe. Several structural brain imaging studies and postmortem studies have demonstrated abnormalities of temporal lobe in both chronic and first episode schizophrenia (Lawrie and Abukmeil, 1998; Wright et al., 2000) . The pathologic changes in temporal lobe and constituent parts may be an important step in the development of several symptoms in schizophrenia, such as auditory hallucinations and thought disorder (Seok et al., 2007; Shenton et al., 1992) . The main white matter tracts traversing through the region we identified in the left temporal lobe were the left inferior longitudinal fasciculus, left inferior fronto-occipital fasciculus and inter-hemispheric fibers traversing through the posterior corpus callosum. The inferior longitudinal fasciculus is defined as the bundle of long association fibers running the length of the occipital and temporal lobes, which connect the visual areas to the main components of the limbic system, the amygdala and hippocampus (Catani et al., 2003) and are related to emotional behavior. The inferior longitudinal fasciculus is also involved in visual perception and memory (Ffytche, 2008; Ross, 2008) , face recognition (Fox et al., 2008) , reading (Epelbaum et al., 2008) and functions related to language (Catani and Mesulam, 2008) . The inferior fronto-occipital fasciculus is a large white matter tract that connects the orbitofrontal cortex and the temporal and occipital lobes; its functions are poorly understood but it may be involved in reading, attention and visual processing. The bundle with decreased FA that is involved in both of the regions is the bundle of inter-hemispheric fibers traversing through the corpus callosum. The corpus callosum is a midline brain structure composed of white matter fiber tracts that interconnect the left and right hemispheres to facilitate the proper functioning of the nervous system as a whole. Researchers believe that the corpus callosum is involved in a wide range of normal inter-hemispheric functions including relaying sensory, motor and cognitive information from homologous brain regions (de Lacoste et al., 1985) . In the present study, we found FA reductions in the inter-hemispheric fibers traversing through the anterior portion of the corpus callosum which carries fibers linking the prefrontal and orbitofrontal regions and the posterior portion connecting the temporal lobes. This finding supports the notion that inter-hemispheric information transfer is impaired in schizophrenia patients at an early stage Schmahmann and Pandya, 2009) . Although the correlation between the corpus callosum and the clinical symptoms in FES is not clear, studies have found that the corpus callosum is involved in the pathogenesis of both negative (Foong et al., 2001; Woodruff et al., 1997) and positive symptoms of schizophrenia, especially the hallucinations (Brambilla et al., 2005; Hubl et al., 2004; Rotarska-Jagiela et al., 2009) .
The decreased FA in both the anterior cingulate gyrus and temporal lobe has also been confirmed by numerous DTI and tractography studies that have included chronic schizophrenia patients (Ellison-Wright and Bullmore, 2009; Phillips et al., 2009; Rosenberger et al., 2008; Sun et al., 2003; Tang et al., 2007) , and the disruptions may contribute to the abnormal functional connectivity. In contrast, few studies have reported volumetric deficits in the white matter in the cingulum and temporal lobes of schizophrenia patients, and the results have been inconsistent. Two meta-analyses suggested that the evidence supporting the white matter deficits in schizophrenia is inadequate (Olabi et al., 2011; Shepherd et al., 2012) . The fact may suggest that, as the abnormal volume of the white matter is a macrostructural measure, the DTI measures reveal the microstructural changes, which appear to be more sensitive to white matter abnormalities in schizophrenia. DTI studies have also investigated the white matter connectivity of non-affected relatives, and multiple white matter tracts including the anterior cingulum and inferior longitudinal fasciculus were found to be altered; the reduced integrity might be associated with the genetic liability of schizophrenia (Camchong et al., 2009; Knochel et al., 2012a) .
Our findings provide evidence that there is disruption in the brain connectivity for the frontal lobe and limbic system in first episode schizophrenia. Previous neuroimaging studies have demonstrated dysfunction in frontal lobe regions including the prefrontal cortex and the anterior cingulated cortex, which are critical for cognitive control, planning, and working memory (JL and MS, 2003) . Furthermore, limbic function abnormalities have been demonstrated in schizophrenia with affective interference paradigms (Mohanty et al., 2005) ; the deficits emerged early and declined further with illness progression (Das et al., 2007; Gur et al., 2007; Takahashi et al., 2006) . Although the frontal lobe and limbic lobe abnormalities may account for different core symptoms of schizophrenia, they are not independent. The frontal lobe and limbic system are highly interconnected, integrated frontal-limbic networks that mediate many important language, memory and emotional processes. Functional neuroimaging studies have shown that the propensity to auditory hallucinations is associated with disrupted frontal-limbic functional and structural integrity (Hubl et al., 2004; Mechelli et al., 2007) . Additional studies have suggested that the relationship between prefrontal cognitive control decision making regions and limbic affective processing areas subserves a critical function in the regulation of attention and response selection in the presence of emotionally arousing information and vice versa (Bunge et al., 2001; Ochsner, 2008; Ochsner and Phelps, 2007; Ochsner et al., 2002) . Considering that the present meta-analysis results revealed white matter impairment in multiple fascicules of this network, we suggest that the dysfunction of the fronto-limbic circuitry may emerge at the early stage of schizophrenia.
Several issues should be addressed when explaining the current findings. First, the results of the 8 primary studies showed low consistency, although we still identified two consistent regions. A variety of factors, including the differences in the populations studied and the DTI data, may have contributed to the inconsistencies between the studies. The studies we selected included schizophrenia patients with heterogeneous symptoms even though white matter changes may be specific to certain symptoms (Melonakos et al., 2011) . In addition to the clinical characteristics, factors such as medication, genetic background and sample size may also account for the inconsistent findings across the studies. Among the studies, 5 primary studies included patients with a short course of antipsychiatric treatment. Although no study has addressed the issue of the effects of medication on white matter integrity, several studies have demonstrated that antipsychotic treatment may affect the brain structure (Koutsouleris et al., 2010; Moncrieff and Leo, 2010) . Additionally, schizophrenia is strongly influenced by genetic factors (Maier et al., 2005) . Another complicating factor was the number of studies and their sample size, several primary studies included fewer than 20 subjects, which may be insufficient to eliminate individual variations. Meta-analyses with larger patient sample sizes should be performed in the future. In addition to clinical variation, different parameters for DTI data such as diffusion weighting, different B values and data resolution can also influence the results (Alexander and Barker, 2005; Ben Bashat et al., 2005; Oouchi et al., 2007) . Furthermore, 3 studies (75 patients in total) with negative findings that did not report any coordinates were not taken into the meta-analysis because of the limitation of the technique. Finally, the results need to be confirmed as the 2 clusters were only contributed by 2 studies each.
Conclusion
The present meta-analysis of DTI studies identified white matter deficits in the right frontal lobe and left temporal lobe in first episode schizophrenia, providing a strong evidence of a structural basis for the involvement of the fronto-limbic neural circuit. Because the coordinates reported by the primary literature were varied, future investigations with larger sample sizes are warranted to provide further evidence for the white matter changes in FES. Furthermore, whether the white matter changes are affected by the illness duration remains to be established in longitudinal, prospective studies of people at-risk of schizophrenia or FES.
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